The reduction of various hydantoins with sodium borohydride gave the corresponding 4-hydroxy-2-imidazolidinones in high yields. In contrast, reduction employing a boron trifluoride etheratesodium borohydride system generated 2-imidazolidinones. In both reductions, the reactivity of the hydantoin was dependent on its substituents. The Lewis acid-promoted reactions of a 4-hydroxy-2-imidazolidinone with nucleophiles were also investigated.
Introduction
The hydantoins, five-membered heterocycles containing two nitrogen atoms, have a structural resemblance to 2-imidazolidinones and 2-oxazolidinones (Figure 1) , both of which are known to act as chiral auxiliaries [1] . However, few studies of these compounds have been reported, with the exception of their utilization as precursors for natural products such as (+)-biotin (vitamin H) [2] [3] .
Hydantoin and its derivatives may be useful as important precursors for bioactive compounds, and thus additional information concerning the reactivity of the hydantoins is still required. Herein, we report the reduction of hydantoins (1) with sodium borohydride, both with and without boron trifluoride etherate, resulting in the formation of 4-hydroxy-2-imidazolidinones (2) and 2-imidazolidinones (3), respectively, in high yields (Scheme 1). The first reported reduction of a hydantoin was the reaction of a 5-monosubstituted hydantoin with lithium aluminum hydride (LAH) in diethyl ether under reflux or using Red-Al ® , which generated 4 rather than 2 except when employing a 5,5-disubstituted hydantoin [4] [5] , in which case 4-hydroxy-2-imidazolidinone was obtained since dehydration could not proceed [6] [7] . Reduction of 5-monosubstituted hydantoins with LAH or diisobu- tylaluminum hydride (DIBAL) below room temperature also resulted in the formation of 4 rather than 2 [8] - [10] . Only one example of the reduction of a 1-alkylhydantoin has been described, in which a compound derived from cysteine was reduced using sodium borohydride by Chavan and co-workers in the synthesis of biotin [3] .
Results and Discussion
Initial trials involved the treatment of 1 with excess amounts of sodium borohydride in methanol at room temperature, with the results shown in Table 1 . The reactivity of 1 and the yield of 2 were evidently dependent on the substituents of 1. In cases in which 1 was derived from phenylalanine, the reduction of 1 bearing a phenyl group at the 3-position proceeded, generating 2 in high yield (Entry 1). However, when the substituent at the 3-position was changed to a phenethyl group, the reduction rate was very slow and only a low yield of 2-imidazolone (4), formed by dehydration of 2, was obtained (Entry 2). We suspected that the lack of a substituent at the 1-position of 1 (that is, R 2 = H) decreased its reactivity, and so the t-butoxycarbonyl (Boc) derivative of 1 was prepared by t-butoxycarbonylation with Boc 2 O. During reduction of the Boc derivative, the dehydration of 2 was suppressed and thus the yield of 2 was dramatically improved (Entry 3). The reduction of other hydantoins derived from various amino acid amides gave similar results. Based on the above results, the Boc group at the 1-position of the hydantoin ring was effective in promoting the present reduction (Entries 4-9).
Following the initial trials, the Lewis acid-promoted reactions of 2 with an allylsilane or an enol silyl ether to give the coupling products 5 were assessed, with the results presented in Table 2 . The reaction of 2 with the allylsilane at 0˚C resulted in the formation of 5-H as a single isomer via the removal of the Boc group, with some 4 generated as a by-product (Entry 1). When the reaction was performed at a lower temperature (−78˚C), the yield of 5 was increased and formation of 4 was suppressed (Entry 2). In contrast, when using the enol silyl ether as the nucleophile, the reaction gave better results at 0˚C than at −78˚C and the resulting products, 5-Boc and 5-H, were produced as single isomers (Entries 3 and 4). Chavan and co-workers have reported a similar reaction system using 4-hydroxy-2-imidazolidinones, in which the products exhibit exclusively trans stereochemistry. Although experimental and spectral data regarding the stereochemistries of 5-Boc and 5-H were not obtained in this study, based on the similarity of the present reaction system to that reported by Chavan, as well as the structure of intermediate 6, we believe that the stereochemistries of both compounds were likely trans in the case of the present reactions. Although the chiral compounds 2-imidazolidinone (3) and 2-oxazolidinone are both well known as chiral auxiliaries [11] - [15] , few methods for the preparation of 3 have been reported [16] - [18] . We expected that 1 would be converted to 3 when using a relatively strong reducing agent. Among the many possible reduction methods, a candidate for the conversion to 3 was a sodium borohydride-boron trifluoride etherate system, typically employed to transform amino acids to amino alcohols [19] . When using the hydantoins derived from phenylalanine, the reduction proceeded at room temperature to generate 3 in high yields (Table 3, Entries 1-3) . Conversely, the reduction of 1 (R 1 = A, R 2 = H, R 3 = Ph) using 4.0 equimolar amounts of a commercial borane-tetrahydrofuran complex gave the corresponding version of 3 in 43% yield, meaning that the present reduction system represents a useful means of preparing many different 2-imidazolidinones. With regard to the present reduction, it was determined that the reactivity of 1 bearing an isopropyl group at the 5-position was affected by the substituent at the 1-position. The conversion of 1 bearing a Boc group to 3 proceeded successfully and generated high yields, with removal of the Boc group (Entry 6). We believe that the carbamic acid-like species 7 or 8, which is more reactive than 1 (R 2 = H), might be generated in the reaction mixture, and that 3 is ob- tained as the final product after a formation of iminium salt 7 and decarboxylation of 8. The reductions of other hydantoins without a Boc group proceeded, forming the corresponding 3 compounds (Entries 7-9). It was also observed that the t-butyl ether bond was stable under these reaction conditions (Entries 7 and 8).
Conclusion
In conclusion, the reduction of hydantoins with sodium borohydride in the absence or presence of boron trifluoride etherate gave 4-hydroxy-2-imidazolidinones or 2-imidazolidinones, respectively. Additional novel methods for achieving the conversions of compounds 2 and 3 are now being studied.
diastereomers, Entry 9 in 80 (1H, m), 3.95 -4.00 (1H, m), 4.44 (1H, brs), 6.95 -7.35 (10H, m) , 7.48 (2H, t, J = 6.6 Hz), 7.58 (1H, t, J = 6.6 Hz), 7.88 (2H, d, J = 6.6 Hz).
4-benzyl-3-tert-butoxycarbonyl-5-phenacyl-1-phenethyl-1,3-imidazolidine-2-one: 5-Boc, Entry 2 in Table 2 . 1 4-benzyl-1-phenethyl-1,3-imidazolidine-2-one: Entry 2 in Table 3 . 4-benzyl-1-tert-butyl-1,3-imidazolidine-2-one: Entry 3 in 4-isopropyl-1-phenyl-1,3-imidazolidine-2-one: Entry 4 in Table 3 . 4-isopropyl-1-phenethyl-1,3-imidazolidine-2-one: Entries 5 and 6 in 4-tert-butoxymethyl-1-phenyl-1,3-imidazolidine-2-one: Entry 7 in Table 3 . 4-tert-butoxymethyl-1-phenethyl-1,3-imidazolidine-2-one: Entry 8 in Table 3 . 4-benzylthiomethyl-1-phenyl-1,3-imidazolidine-2-one: Entry 9 in Table 3 . 
